The ascending and descending InSAR deformations derived from ALOS-2 and Sentinel-1 satellite SAR images and GPS displacements are used to estimate the fault model of the 2018 Mw 6.4 Hualien earthquake. The sinistral strike-slip fault dipping to the west with a high dip angle of 89.4 • and a rake angle of 201.7 • is considered as the seismogenic fault of this event. This seismogenic fault also triggered the ruptures of the Milun fault, which dips to the east with a dip angle of~72 • , and an unknown west-dipping fault with a dip angle of 85.2 • . Two predicted faulting models indicate that the InSAR deformation fields include more postseismic slip than those of the GPS data. The north segment of the Milun fault and west-dipping fault have been triggered by the rupture of the seismogenic fault, but the postseismic slip occurred only in the south segment of the Milun fault. The InSAR-derived co-seismic and postseismic faulting model suggests that the significant slip concentrates at depths of 2.4-15.0 km of the main fault, 0.0-14.0 km of the Milun fault. Only minor slip is detected on the west-dipping fault. The maximum fault slip of ca. 2.1 m is located at the depth of ca. 2.4 km under the Meilun Tableland. The Coulomb failure stress (CFS) change calculated by the co-seismic and postseismic faulting model shows that there is a significant CFS increase in the east of the south segment of the Milun fault, but few of the aftershocks occur in this area, which indicates a high risk of future seismic hazard.
Introduction
On 6 February 2018, a Mw 6.4 earthquake struck East Taiwan, and the epicenter (24.134 • N and 121.658 • E, USGS solution) is located at ca. 18.2 km NNE of Hualien City (Figure 1 ). This strong
On 6 February 2018, a Mw 6.4 earthquake struck East Taiwan, and the epicenter (24.134°N and 121.658°E, USGS solution) is located at ca. 18.2 km NNE of Hualien City (Figure 1 ). This strong earthquake caused the collapse of some buildings in Hualien City, and resulted in 17 deaths and 285 injures as of 12 February 2018. This earthquake occurred in the northern extension of the Coastal Range which is the junction of collision and subduction boundaries between the Eurasian plate and the Philippine Sea plate. Previous studies suggested that a tear fault boundary could be the major seismogenic structure between the Taiwan orogen and Ryukyu subduction zone [1] [2] [3] . The GPS measurements in this area show that the Philippine Sea plate has a movement along NW direction at a rate of ca. 8.2 cm/year towards the Eurasian plate [4] . The high rate of the collision between the two plates causes a very rapid uplift and develops a series of active faults in the east Coastal Range of Taiwan. It also results in many destructive earthquakes, including the 1951 Hualien-Taitung earthquake sequences, the 1999 Mw 7.6 Chi-Chi earthquake, and the 2016 Mw 6.5 Meinong earthquake occurred in Taiwan in the past 100 years [5] [6] [7] [8] . [9] . (b) Main fault systems (the black lines) of Taiwan orogeny. Seven GPS sites (red arrows) located at the Eurasia and Philippine Sea plates are got from the previous study [10] , which show a NW directed block motion with an average velocity of ca. 8.2 cm/year [10] . The yellow star indicates the epicenter of the 2018 Hualien earthquake, and the beach balls are the focal mechanisms of the main shocks and major aftershocks of the 2018 Hualien events solved by USGS and BATS based on the New Automatic Full-Waveform Regional Moment Tensor Inversion Algorithm [11] . (c) SAR coverages (the red and blue lines) and aftershocks (red circles) are mapped on the digital Earth model with a high resolution of 30 m. [9] . (b) Main fault systems (the black lines) of Taiwan orogeny. Seven GPS sites (red arrows) located at the Eurasia and Philippine Sea plates are got from the previous study [10] , which show a NW directed block motion with an average velocity of ca. 8.2 cm/year [10] . The yellow star indicates the epicenter of the 2018 Hualien earthquake, and the beach balls are the focal mechanisms of the main shocks and major aftershocks of the 2018 Hualien events solved by USGS and BATS based on the New Automatic Full-Waveform Regional Moment Tensor Inversion Algorithm [11] . (c) SAR coverages (the red and blue lines) and aftershocks (red circles) are mapped on the digital Earth model with a high resolution of 30 m.
Previous studies suggest frequent strong seismic activities in the east Coastal Range of Taiwan [12, 13] , especially along the Longitudinal Valley fault [14] . However, only one historical big event (the 1951 M L 7.3 Hualien-Taitung earthquake) has been reported that occurred around the Hualien area and resulted in the rupture of the Milun fault [15, 16] . The 2018 Mw 6.4 Hualien earthquake is the earthquake with the largest magnitude occurring in the Hualien area in the past ca. 70 years, and it triggered the Milun fault again. The focal mechanism derived from teleseismic data by USGS shows that the co-seismic fault of the 2018 Hualien event has a strike angle of 209 • and dips to the west with a high dip angle of 73 • . BATS gives a nodal plane of strike angle of 111.5 • , dipping to the west with a dip angle of 74.2 • and a slip of 157.3 • . It suggests that the Milun fault (dipping to east) is not the seismogenic fault of the Hualien event and, thus, it should be triggered by the motion of the seismogenic fault. Therefore, the 2018 Hualien earthquake should be a multi-fault rupture like the 2016 Mw 7.8 Kaikōura earthquake that occurred in New Zealand [17] .
A complex multi-fault motion, including the seismogenic fault and Milun fault rupture, should be responsible for the 2018 Hualien earthquake. However, the multi-fault geometry parameters, slip distribution, and the Coulomb failure stress (CFS) transmission from the seismogemic fault to the triggered fault are not well known so far. Here, we firstly map the seismic surface deformation fields using the ALOS-2 and Sentinel-1 synthetic aperture radar (SAR) images and the GPS observations. The ascending and descending InSAR data are used to infer the fault geometry model of the 2018 Hualien event. Then, The GPS and InSAR are respectively used to infer the co-seismic and the co-seismic and postseismic slip models of this event. We calculate the CFS change of both the triggered Milun and west-dipping faults due to the motion of the seismogenic fault. Finally, we investigate the CFS change with varying receiver parameters at the average depth of the aftershocks.
Materials and Methods

Data and Interpretation
We collect the ascending and descending SAR images before and after the main quake acquired by ALOS-2 and Sentinel-1 satellites. Table 1 shows the main information of the used ALOS-2 and Sentinel-1 SAR images. The red (ALOS-2) and blue (Sentinel-1) solid rectangles in Figure 1 show the coverage of the four tracks, and it is obvious that all of them cover the main seismic zone. We process both the ascending and descending ALOS-2 PALSAR images using the GAMMA software [18] . The multilook factor is set as 18 (azimuth multilook factor) × 8 (range multilook factor) to maintain a high interferometric coherence. The topographic phase component is calculated based on the orbital data and the SRTM-4 digital elevation model [19] , and is then removed from the original InSAR interferograms. The 2-D ramp is estimated based on the far-filed high-coherence unwrapped phase data, to remove the orbital error from the original InSAR observations [20] . The ascending and descending Sentinel-1 SAR data are processed using the ISCE (InSAR Scientific Computing Environment) software [21] . Figure 2a ,c shows that both the ascending and descending ALOS-2 InSAR maintain a reliable interferometric coherence in the main seismic zone. It should be noted that the descending ALOS-2 does not cover the area of the south of the west-dipping fault, and minor surface deformation has been detected by the ALOS-2 ascending InSAR data in this area. Figure 2e ,g are the Sentinel-1 ascending and descending InSAR deformation fields of the 2018 Hualien event. It is obvious that the fringes in Sentinel-1 interferograms are similar to the results of ALOS-2, which is due to the two satellites sharing the approximate flight azimuth angles and radar incidence angles (Table 1) . It can be seen from Figure 2e ,g that both the ascending and descending Sentinel-1 InSAR interferograms lose the interferometric coherence in the area near the Milun and the west-dipping fault, which is attributed to the large deformation gradient and short radar wavelength of 5.5 cm. All the InSAR interferograms show interferometric decorrelation in the west of the main seismic zone, which should result from the dense vegetation covering in the Central Range of Taiwan. Figure 2b ,d,f and h show the absolute InSAR deformation fields of the 2018 Hualien event. It should be noted that both the positive and negative InSAR deformations have been simultaneously detected in the hanging wall along the strike direction of the seismogenic fault (ALOS-2 and Sentinel-1 ascending tracks). It suggests that the measured InSAR deformation should be resulted from a predominant strike-slip event. Moreover, the significant surface deformation is found in the east of the Milun fault, which indicates that this fault should have been triggered by the motion of the seismogenic fault. In addition, the interferometric decorrelation is found in the east of the west-dipping fault, which could be attributed to the shallow fault patch rupture of the west-dipping fault and/or the vegetation cover in this area.
The surface displacements of the 2018 Hualien earthquake have also been observed by the GPS sites around the seismic zone. We remove several sites closing to the triggered shallow folds that weren't modeled, moreover, the far-field sites with abnormal displacements are also not used in this study. The Figure 3 shows the displacements of the remaining 25 GPS sites. The significant horizontal and vertical displacements are found around the Milun and west-dipping fault, which suggests that both of them may rupture in the 2018 Hualien earthquake. 
Modeling Estimated by Geodetic Data
First, we must point out that the GPS and InSAR observations are incompatible in the joint inversion of this earthquake. It is believed that such incompatibility results from the fact that more postseismic deformations are included in the InSAR observations than the GPS data, considering that the InSAR observations are contributed by the co-seismic and postseismic slip during the span of the satellite revisiting, but the GPS displacements mostly result from the co-seismic slip. Furthermore, the dense multi-sight InSAR deformations can provide sufficient constraints on the fault geometry and slip parameters of the earthquake [22] . Therefore, only the four tracks of InSAR observations are used to estimate the fault geometry model of the 2018 Hualien earthquake.
To avoid the negative effect on the estimated faulting model by unreliable InSAR observations, a coherence threshold of 0.3 has been used to remove the observations with low coherence. Then, the remained high-coherence data is down-sampled using the two dimensional quadtree algorithm [23] . We totally preserve 2674 ALOS-2 data and 2458 Sentinel-1 data over the entire seismic zone of the Hualien earthquake, and they will be used to infer both the co-seismic fault geometry parameters and the slip distribution of the Hualien event.
We carry out the geodetic modeling of the Hualien earthquake using the proposed method by Yang et al. in 2018. First, we construct the initial fault model composed by the seismogenic fault dipping to the west, the Milun fault dipping to the east and the west-dipping fault dipping to the west to describe the co-seismic fault of the 2018 Hualien event. Then, we set the bounds of 
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and field investigation. The depth of the west-dipping fault is also set as zero due to the inteferometric decorrelation in the east of the west-dipping fault.
The fault planes are firstly divided using the large size of 5 km × 5 km along the strike and downdip directions. Then, we carry out the best fitting fault geometry parameters searching in an elastic, homogeneous, and isotropic half-space based on the simulated annealing algorithm [24, 25] . To get the global best fitting parameters, one hundred times above searching processes with random and individual starting values are performed. Finally, we re-divide the fault planes using the small size of 2 km × 2 km along the strike and down-dip directions to obtain the fine slip distribution of the 2018 Hualien earthquake, the same process for studying the co-seismic slip deficit of the 2017 Mw 6.5 Ormoc earthquake [26] . The fault planes are firstly divided using the large size of 5 km × 5 km along the strike and down-dip directions. Then, we carry out the best fitting fault geometry parameters searching in an elastic, homogeneous, and isotropic half-space based on the simulated annealing algorithm [24, 25] . To get the global best fitting parameters, one hundred times above searching processes with random and individual starting values are performed. Finally, we re-divide the fault planes using the small size of 2 km × 2 km along the strike and down-dip directions to obtain the fine slip distribution of the 2018 Hualien earthquake, the same process for studying the co-seismic slip deficit of the 2017 Mw 6.5 Ormoc earthquake [26] .
Result
The estimated fault parameters and relative errors are shown in Table 2 . The best fitting dip angle of the seismogenic fault is 89.4 • , which is larger than the USGS solution of 73 • . The estimated strike angle of the seismogenic fault is 201.7 • , which is slightly less than 209 • of the USGS solution. It is believed that the above differences should be due to the reason that the fault parameters are estimated by the different datasets of teleseismic waves for the USGS solution, but the near-fault InSAR observations for our study. In addition, Table 2 shows that both the Milun fault and the west-dipping fault have a high dip angle, which suggests a predominant strike-slip motion, showing a good consistence with the previous conclusion inferred from the distribution of the InSAR deformation fields. It should be noted again that we have not found a faulting model which simultaneously provides good fitness for both of the InSAR observations and GPS data. This suggests that the two datasets are incompatible in this study, and similar multiple-slip triggered phenomenon has also been found in the studies of the 2016 Mw 6.4 Meinong earthquake [7] and 2010 Mw 6.2 Jia-Shian earthquake [27] occurred in Southern Taiwan.
The used GPS displacements are solved based on the observations within four hours after the main quake of the 2018 Hualien earthquake. Therefore, the solved GPS displacements should be mainly contributed by the fault motion of the main quake. However, it can be found from Table 1 that the SAR images are captured by the satellites after 3-5 days after the main quake. In the interval between four hours and three days, the postseismic slip and large number of aftershocks could contribute to the surface deformation, which makes the InSAR deformation fields differ considerably from the GPS data.
Therefore, we hypothesize that the incompatibility between the two datasets should be due to the more surface deformation caused by the postseismic slip included in the InSAR observations, and we estimate the co-seismic faulting model based only on the GPS displacements. Figure 4a shows the estimated faulting model by the GPS data. It explains more than 98% of the GPS observations with model misfit of 0.9 cm (Figure 3) , which suggests that the estimated faulting model can provide good fitness for the GPS displacements. The seismic moment calculated by the GPS-derived faulting model is 7.31 × 10 18 Nm (Figure 5a ), which is equivalent to a moment magnitude of Mw 6.52 and has a high consistence with the BATs and USGS solutions. In addition, we estimate the faulting model including the co-seismic and postseismic slip (Figures 4a and 5b ) based on the InSAR observations. The estimated slip model explains 97.3% and 96.1% of the ALOS-2 ascending and descending data, and 95.8% and 93.4% of the Senitnel-1 ascending and descending data, respectively. Additionally, the model misfits are 0.9 cm of the ALOS-2 ascending data, 1.4 cm of the ALOS-2 descending data, 1.6 cm of the Sentinel-1 ascending data, and 0.9 cm of the Sentinel-1 descending data, respectively. Low model misfit suggests a high reliability of the estimated faulting model.
We forward calculate the predicted InSAR deformation (Figure 6a ,c,e,h) based on the best fitting faulting model and the residuals between the predicted and observed data are shown (Figure 6b,d,f,h ). It is obvious that both the predicted ALOS-2 and Sentinel-1 InSAR data have a good consistency with the observed results. The residual fringes in the east of the Milun fault should mainly result from the lack of the modeling of some small shallow folds that have been triggered in the 2018 Hualien earthquake. In addition, some residual fringes can be found along the trace of the Milun fault, which could be attributed to the simple fault geometry model (only three plane segments) of the Milun fault. The residual fringes in the east of the west-dipping fault should predominantly result from the interferometric decorrelation. The other residual fringes should be mainly contributed by the atmospheric delay error and the phase unwrapping error.
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Discussion
Figures 4 and 5 show that there are significant differences between the GPS-derived faulting model and the InSAR-derived result. First, the maximum slip of the InSAR-derived faulting model (Figure 5b ) is ca. 2.1 m, which is significantly larger than ca. 0.9 m of the GPS-derived result (Figure 5a) . Second, no slip is found in the south segment of the Milun fault from the GPS-derived faulting model. It suggests the south segment of the Milun fault does not rupture in the main quake and, thus, the derived slip (Figure 5b ) from the InSAR observations is predominantly composed by the postsesimic slip. In addition, both the seismogenic fault and west-dipping fault show that the InSAR-derived faulting model includes more postseismic slip than the GPS-derived result. It should also be noted that above result of the postseismic slip of the 2018 Hualien earthquake is only a preliminary result based on the co-seismic GPS data and the InSAR data, and more accurate determination of the postseismic slip needs further studies using the GPS and/or InSAR data observed at different times after the main quake. Figure 5b shows that the co-seismic and postseismic slip concentrates at depths of 2.4-15 km on the seismogenic fault, which indicates that the rupture has not propagated to the ground surface. However, the maximum slip with magnitude of 2.1 m is located at the shallowest patch of the seismogenic fault. Here, we hypothesize the depth is 0-2.4 km of the shallow sedimentary section that cannot be transferred through by the fault rupture in Hualien area. Moreover, the slip on the seismogenic fault is controlled by the sinistral slip and slight reverse motion, and the significant slip concentrates at depths of 2.4-15 km and at along-strike distances of 10-27 km from the NE end of the seismogenic fault, which is consistent with the aftershock cluster. The seismic moment calculated by the estimated slip model of the seismogenic fault is 7.00 × 10 18 Nm, which is equivalent to a moment magnitude of Mw 6.50.
The slip distribution in Figure 5b shows that the rupture on the Milun fault and the west-dipping fault has propagated to the ground surface, which should be partly responsible for the observed InSAR deformation in the seismic zone. The shallowest (within 0-2 km) fault slip of the Milun fault is controlled by the left-lateral strike-slip and slight reverse slip. Then, the rupture progressively transforms to a predominant reverse slip and slight left-lateral strike-slip at depths of 215 km. The calculated seismic moment of the Milun fault is 8.65 × 10 18 Nm (equivalent to a moment magnitude of Mw 6.56), which is slightly larger than the result of the seismogenic fault. For the west-dipping fault, only slight slip is found in the NE end of the fault within depths of 0-8 km. The total seismic moment derived from the motion of the seismogenic fault, Milun fault and the west-dipping fault (near to the Lingding fault) is 1.57 × 10 19 Nm and is equivalent to a moment magnitude of Mw 6.74, which is greater than the BATS and USGS solutions.
To evaluate the relationship between the seismogenic fault rupture and triggered fault motion, we calculate the Coulomb failure stress (CFS) change of the triggered faults using the co-seismic faulting model of the seismogenic fault (Figure 4a ) derived from GPS displacements [28, 29] . The receiver fault parameters of each fault patch including the strike angle, dip angle, and rake angle are set as the estimated values shown in Table 2 and Figure 4 . The CFS change is calculated based on the Coulomb failure criterion with friction coefficient of 0.4, and the result is shown in the Figure 7a . The south segment of the Milun fault has a predominantly negative CFS change, which indicates the inhibition of the fault rupture. Then, Figure 5a shows that little slip is detected in the south segment of the Milun fault. The predominantly positive CFS change on the north segment of the Milun fault corresponds to that the significant fault slip is detected on it (Figure 5a ). Slight CFS change in the west-dipping fault corresponds to the little slip on it (Figure 5a ). Furthermore, we calculate the CFS change of the three faults (Figure 7b ) after the main quake using the faulting model of all the faults (Figure 4a ). However, none of remarkable positive relation is found between the postseismic slip ( Figure 7b ) and the positive CFS change. We hypothesize that the occurrence of the postseismic slip does not directly result from the CFS change.
70% aftershocks occurred in the significant positive CFS change zones of "A" in Figure 8e . The distinguished CFS change of "B" has an average positive CFS change of ca. 0.8 bar, but few aftershocks occur in this zone. Therefore, we hypothesize that there is a high possibility of the future seismic hazard in zone "B". Figure 8e shows that some aftershocks occur in the negative CFS change zones, we hypothesize that it should result from the dynamic CFS and different CFS receiver parameters. To access the risk of the future seismic hazard in the seismic zone after the 2018 Hualien earthquake, we calculate the CFS change at the depth of 10.0 km that is the average depth of the aftershocks, based on the inferred co-seismic and postseismic faulting model (Figure 4b ) using different receiver parameters (see the caption of Figure 8 for the detailed parameters). Figure 8 shows the CFS change fields calculated by different receiver parameters, and it can be found from Figure 8e that the aftershocks have the highest consistence with the distribution of the positive CFS change when the receiver parameters are 135 • for the rake angle, 0.1 • for the strike angle, and 73.5 • for the dip angle that are the same fault geometry as the south segment of the Milun fault, and more than ca. 70% aftershocks occurred in the significant positive CFS change zones of "A" in Figure 8e . The distinguished CFS change of "B" has an average positive CFS change of ca. 0.8 bar, but few aftershocks occur in this zone. Therefore, we hypothesize that there is a high possibility of the future seismic hazard in zone "B". Figure 8e shows that some aftershocks occur in the negative CFS change zones, we hypothesize that it should result from the dynamic CFS and different CFS receiver parameters. 
Conclusions
In this study, the co-seismic and co-seismic and postseismic faulting models of the 2018 Mw 6.4 Hualien earthquake are estimated by the GPS and InSAR observations, respectively, and the GPSderived co-seismic faulting model shows that three faults, including the seismogenic fault, the westdipping fault dipping to the west, and the Milun fault dipping to the east, are responsible for the main quake. The InSAR-derived faulting model indicates that a great deal of postseismic slips occur on both the seismogenic and triggered faults, especially in the south segment of the Milun fault. The 
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The calculated CFS change using the GPS-derived seismogenic faulting model shows that there is a predominant positive CFS change on the north segment of the Milun fault with significant co-seismic rupture, but a predominant negative CFS change in the un-ruptured south segment of the Milun fault. The relation between the CFS change and distribution of the aftershocks indicates that most of the aftershocks may have a similar fault geometry with the south segment of the Milun fault. Moreover, the significant positive CFS change zone of "B" may have a high risk of the future seismic hazard due to the few aftershocks that occurred in the area. Finally, this study suggests that the postseismic slip should be considered in the inversion of the faulting model, especially in studies where the used InSAR data are acquired one or more weeks after the main shock. 
